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East Fork Poplar Creek (EFPC) in Oak Ridge, TN was highly contaminated with
elemental mercury in the 1950 and 1960. The area is still experiencing the effects of
mercury contamination, and researchers are searching for ways to remediate the EFPC.
One possible mechanism for bioremediation is the use of biogenic Mn oxides to remove
heavy metals from water systems. Native Pseudomonas bacteria species were isolated
from EFPC in order to examine biogenic Mn oxides production and bioremediation of
Oak Ridge slurries. Pseudomonas isolates did produce Mn oxides which bound to
mercury, and mercury bound to organic matter significantly decreased. However, after a
significant decrease of dissolved mercury, dissolved mercury was cycled back into the
water system on day 10. Given a longer experimental timeline, biogenic Mn oxides have
the potential to decrease mercury cycling.
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CHAPTER I
INTRODUCTION

Mercury Emissions
Mercury contamination and toxicity are global concerns (Hunerlach et al., 1999;
IPCS, 2003; Krabbenhoft & Rickert, 1995). In fact, mercury contamination is regarded
as one of the worst environmental hazards (Lacerda, 1997). When measuring the
anthropogenic impact, widespread coal and oil burning significantly contribute to the
4,000 t/yr of anthropogenic mercury emissions (Porcella et al., 1997). Furthermore,
many industries which produce batteries, light bulbs, thermometers, dental amalgam,
paint, pesticides, chloralkali, nuclear weapons, etc. have mercury byproducts (Boffetta et
al., 1993, Campbell et al., 1998). Likewise, gold mining in the United States, China,
Southeast Asia, Amazon, and Africa generates 10% of the global anthropogenic mercury
emissions (Feng et al., 2006, Hunerlach et al., 1999, Kambey et al., 2001, Lacerda, 1997;
Malm, 1998). After mercury enters ecosystems, mercury biomagnifies within the food
chain and leads to toxicity (Krabbenhoft & Rickert, 1995) (Fig. 1.1).
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Figure 1.1

Mercury cycle and bioaccumulation (USGS, 2000).

Mercury Toxicity
Large mercury contamination events, such as the mass poisonings in Minamata
Bay, Japan in the 1950s and in Iraq in the 1970s, caused hundreds of deaths (Bakir et al.,
1973; Takeuchi, 1982; Takeuchi et al., 1962). In Minamata Bay, a chloralkali plant
discharged large amounts of methylmercury into local river systems, which besides
causing death, also caused severe neurological, motor, and sensory dysfunctions
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(Takeuchi, 1982; Takeuchi et al., 1962). Similarly, Iraq poisoned a food source by
treating grain with methymercury antifungals (Bakir et al., 1973).
Even with public awareness of mercury toxicity, low dose, chronic
methylmercury poisoning is worrisome (Zahir et al., 2005). Bioaccumulation can lead to
Alzeihemer’s, Parkison’s, autism, lupus, and other neurological, immune, motor, cardiac,
reproductive and genetic disorders (Bernard et al., 2001; Zahir et al., 2005). Mercury is
particularly toxic during fetal development, when mercury compounds can be transferred
through the placenta (Koos & Longo, 1976). When considering the substantial mercury
emissions and the health hazards, bioremediation techniques using microorganisms
and/or plants are often explored (Dai et al., 2009; Essa et al., 2002; Hussein et al., 2007;
Meagher, 2000; Raskin et al., 1997; Rodriguez et al., 2003; Sas-Nowosielska et al., 2008;
Sorkhoh et al., 2010; Su et al., 2008; Rehman & Shakoor, 2008). In order for
bioremediators to be effective, the organisms must first have mercury resistance
mechanisms (Gadd & Griffiths, 1978). In fact, many of the mercury resistance
mechanisms are possible bioremediation techniques, i.e. demethylation and mercury
sequestration (Pak & Bartha, 1998a; Villalobos et al., 2003).
Mercury Resistance
While some metals are essential to the function of cells e.g. potassium and
calcium; heavy metals, like mercury, are toxic to the cell (Gadd & Griffith, 1978). Some
proposed mechanisms of heavy metal toxicity include inhibition of enzymes and
transport proteins (Levesque and Atchison, 1991), displacement or substitution of
essential ions, or the alteration of biomolecules (Osborn et al., 1997). To survive,
microbes, e. g. bacteria, yeast, and archea, have developed mercury resistance
3

mechanisms (Brunker & Bott, 1974; Gadd & Griffiths, 1978; Ghosh et al.,. 2004;
Schelert et al., 2004). Vastly different mercury resistance mechanisms exist for different
species and strains (Holmes et al., 2009). The adaptive evolution of mercury resistance is
established by changes in mercury resistant (mer) genes. Polymerase chain reaction
(PCR) targeting has revealed high diversity in bacterial mercury resistance genes in
Actinobacteria, Firmicutes, Alpha-, Beta-, and Gammaproteobacteria, and Bacillus sp.
(Oregaard & Sorensen, 2007; Osborn et al., 1997; Rasmussen et al., 2008; Wang et al.,
1989). Through exposure and adaptive processes, mercury resistant bacteria are found in
higher abundances in previously mercury contaminated soils (de Lipthay et al., 2008).
Methylation and Demethylation
Mercury contamination can be in the form of elemental mercury, inorganic
mercury, or organic mercury (Brosset, 1981; IPCS, 2003). For most living organisms,
methylmercury is toxic; therefore demethylation is a powerful resistance mechanism
(IPCS, 2003; Krabbenhoft & Rickert, 1995). Some bacteria, e.g. sulfate reducing
bacteria, however, are not harmed by methylmercury. Sulfate-reducing bacteria like
Desulfovibrio desulfuricans LS and ND 132 are known as principal methylators
(Compeau & Bartha, 1985) (Fig. 1.2), but the two strains are also demethylators in the
same sediments (Pak & Bartha, 1998b). As with most environmental systems,
methylation and demethylation reach equilibrium because the increase of methylation
inevitably leads to the increase of demethylation (Pak & Bartha, 1998a).
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Figure 1.2

Mercury methylation by sulfate-reducing bacteria and mercury cycling in
water systems (Morel et al., 1998).
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Usually, more sulfate increases methylmercury production (Gilmour et al., 1992).
However, dissolved organic matter has also been found to stimulate mercury methylation
by inhibiting HgS aggregation and thereby increasing HgS bioavailability for methylation
(Graham et al., 2012) (Fig. 1.3).

Figure 1.3

Dissolved organic matter inhibits β-HgS nanoparticle growth and increases
bioavailability of β-HgS for cell surface ligand binding and mercury
methylation (Graham et al., 2012).

Mercury methylation is even more complicated when sulfodigens and
methanogens interact. For example, under sulfate limited conditions, mercury
6

methylation was increased in comparison with high sulfate conditions (Han et al., 2010).
One possible cause of the increase is a syntrophic reaction between sulfodigens and
methanogens, in which an interspecies hydrogen transfer stimulates mercury methylation
(Han et al., 2010).
Recently, dissimilatory iron-reducing bacteria in the genera Geobacter and
Desulfuromonas have demonstrated mercury methylation while reducing iron (III) (Kerin
et al., 2006). Both Geobacter and Desulfuromonas are closely related to other Hgmethylating and sulfate-reducing bacteria within the Deltaproteobacteria (Kerin et al.,
2006).
Demethylation of methylmercury is also difficult because methylmercury is stable
in solution and the hydrolysis of methylmercury is kinetically hindered (Morel et al.,
1998). Nonetheless, demethylation reactions overcome kinetic hindrance by using
enzymatic processes:
CH3Hg+ + H+  CH4 + Hg2+ (Morel et al., 1998)

(1.1)

Phytoremediation
Equilibrium between methylation and demethylation does not dismiss the danger
of methylmercury to most biological organisms. Therefore, scientists are searching for
mechanisms for mercury remediation. The use of plants in phytoremediation is a low
cost technology which can stabilize soil from further runoff and erosion (Berti and
Cunningham, 2000). Root systems can also absorb and transport mercury to other plant
tissues (Meagher, 2000; Raskin et al., 1997). High-biomass crops e.g. chickpeas, barley,
white lupine, yellow lupin, wheat, and lentils have been used to remediate soils
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(Rodriguez et al., 2003; Rodriguez et al., 2007). Aquatic plants including Eichornia
crassipes (water hyacinth), Pistia stratiotes (water lettuce), Scirpus tabernaemontani
(zebra rush), and Colocasia esculenta (taro) have been shown to reduce mercury in water
through root uptake (Skinner et al., 2007, Su et al., 2008). Brassica juncea (Indian
mustard) can remove arsenic, cadmium, and mercury (Han et al., 2006, 2008; Pickering
et al., 2000; Salt et al., 1995).
Not all mercury accumulating plants can handle mercury toxicity. Some plants
like Pteris vittata, Nephrolepsis exalata, (sword fern) and Brassica juncea (Indian
mustard) had observable toxic physiological effects from mercury uptake (Chen et al.,
2009; Shiyab et al., 2009a, 2009b). However, the Chinese brake fern (Pteris vittata)
showed less signs of physiological stress in the Su et al. (2008) study comparing Indian
mustard, beard grass, and Chinese brake fern. Plants encounter mercury poisoning and
benefit from symbiotic remediation relationships with microbes.
For example, peat and demethylating microbes significantly decreased
methylmercury in a Canadian flooded wetland (St Louis et al., 2004). Plant species
Festuca rubra (red fescue), Poa pratensis (meadow grass), Armoracia lapathifolia
(horseradish), Helianthus tuberosus (Jerusalem sunflower), and Salix viminalis (willow)
not only hyperaccumulated mercury but also stimulated microbial growth. A relationship
between plants and microbes was demonstrated when the number of sulfur amino acid
decomposing bacteria was inversely correlated to the root uptake of mercury (SasNowosielska et al., 2008). Most strikingly, the presence of rhizobacteria significantly
increased selenium and mercury uptake in Scirpus robustus (saltmarsh bulrush) and
Polygon monspeliensis (rabbit-foot grass) (de Souza et al., 1999). Also, rhizobacteria and
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their host crop plants removed similar amounts of mercury from soil (Sorkhoh et al.,
2010).
Phytoremediation techniques are in the midst of remarkable modifications. Many
plant species are being genetically engineered to express bacterial mercury resistance
enzymes like organomercurial lyase MerB and mercuric ion reductase MerA (Bizily et
al., 2003; Dai et al., 2009; Hussein et al., 2007; Meagher, 2000; Rugh et al., 1998). The
Mer enzymes transform methylmercury to elemental mercury (Bizily et al., 2000). Also,
the addition of chelating agents can increase bioavailability of soil bound heavy metals
(Blaylock et al., 1997; Raskin et al., 1997). However, phytoremediation is troublesome
in some respects.
After the mercury is collected in the plant biomass, the mercury is not fully
sequestered. Plant tissues decompose and the mercury can then reenter the environment.
Burning the plant material would only volatize the mercury back into the mercury cycle.
Thus, phytoremediation is not sufficient for mercury sequestration.
Mercury Sequestration
Some bacteria sequester methylmercury with biogenic binding agents (Baldi et
al., 1993; Villalobos et al., 2003). Biogenic methylmercury binding agents like hydrogen
sulfide produced by Desulfovibrio desulfuricans (Baldi et al., 1993), iron oxides
(Cummings et al., 2000; Zeng, 2003), and manganese oxides produced by Pseudomonas
and Bacillus (Villalobos et al., 2003) can reduce bioavailability of heavy metals uranium,
chromium, and mercury.
For example, hydrogen sulfide reacts with methylmercury to form
dimethylmercury sulfide, which is insoluble:
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2CH3Hg+ + HS-  (CH3Hg)2S + H+, (CH3Hg)2S 
(CH3)2Hg + HgS, and (CH3)2Hg + H+  CH4 + CH3Hg+ (Baldi et al., 1993)

(1.2)

At the end of the reaction, the products are fairly stable HgS, CH4, and one less mole of
CH3Hg+ (Baldi et al., 1993).
Clostridium cochlearium (Pan-Hou & Imura, 1981) and Klebsiella aerogenes
NCTC418 (Aiking et al., 1985) produce hydrogen sulfide and the same beneficial
reaction (1.2). The non-volatile products of dimethylmercury sulfide and HgS are
especially valuable from the bioremediation perspective. In fact, Wang et al., (2001)
genetically engineered the over-expression of a hydrogen sulfide pathway in E. coli for
the remediation of cadmium.
Moving to another biogenic binding agent, Zeng (2003) found that iron oxides
could adsorb arsenic. In fact, iron oxides combined with small amounts of silica had
greater adsorbent strength due to changing the crystalline structure to a higher surface
area, amorphous structure. Although as Si/Fe ratios increased, the adsorbent surface area
decreased, and less arsenic could be adsorbed.
Similarly, iron reducing bacteria found in mining areas produce iron (hydr)oxides
which bind to toxic ore-elements like arsenic (Cummings et al., 2000). However, this
research focuses on biogenic manganese oxides and their remediation abilities. Next, Mn
oxides are examined in depth.
Manganese oxides
Biogenic Mn oxidation has mainly been found in freshwater lakes, estuary
sedimnets, hydrothermal vents, and river systems (Chapnick et al., 1982; Anderson et al.,
2011; Dick et al., 2006 ; Zwolsman & van Eck, 1999). Oak Ridge, TN soils with higher
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concentrations of Fe and Mn oxides had less volatile and reactive mercury compounds
(Liu et al., 2006). Likewise, the addition of birnessite (δ-MnO2), a poorly crystalline Mn
oxide, significantly decreased the biomethylation of mercury in freshwater sediments
(Farrell et al., 1998). The chain/tunnel and sheet crystalline structures of abiotic and
biogenic Mn oxides allow for significant heavy metal absorption (Spiro et al., 2010; Tebo
et al., 2004; Tebo et al., 2005; Webb et al., 2006; Webb et al., 2005) (Fig. 1.4). However,
biogenic Mn oxide can adsorb significantly more heavy metals, such as lead, than abiotic
Mn oxides (Nelson et al., 1999) (Fig. 1.5).

Figure 1.4

Mineralogy of Mn oxides with chain/tunnel and sheet crystalline structures
(Tebo et al., 2004).
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Figure 1.5

Difference in lead adsorption between biogenic and abiotic Mn oxides
(Nelson et al., 1999).

Mn-oxidizing enzymes were discovered in the outer layers of Bacillus spores
(Francis & Tebo, 2002; Dick et al., 2006), while Pseudomonas putida GB-1 has
extracellular enzymes which oxidize Mn (Toner et al., 2002). In situ bacterial Mn
oxidation has been observed in the Columbia River, and potential outer membrane Mn
oxidase protein targets were identified as multi-copperoxidase (MCO) and haemperoxidase enzymes (Anderson et al., 2011).
For Mn oxidation to occur, high pH environments are necessary (Fig. 1.6). Still,
precise biogenic Mn oxidation mechanisms are unknown, but possible mechanisms are
theorized in three potential pathways (Fig. 1.7). The mechanisms for biogenic Mn oxides
are enzyme mediated reactions, and Mn species oxidations can start with Mn(II) species
or Mn(III) species (Fig. 1.8).

12

Figure 1.6

Environmental conditions for Mn oxidation and cycling (Tebo et al., 2004).

Figure 1.7

Possible mechanisms of biogenic Mn oxide formation (Tebo et al., 2004).

Sample Site: East Fork Poplar Creek (EFPC) Oak Ridge, TN
East Fork Poplar Creek (EFPC) is a Superfund site in Oak Ridge, TN which
underwent mercury contamination in the 1950s and 1960s from the Y-12 plant involved
13

in the Manhattan Project and the production of nuclear weapons (Gerlach et al., 1995;
Malek-Mohammadi et al., 2012). The EFPC is an approximately 14.5 mile perennial
stream which flows from the Y-12 plant across the flood plain in the Gamble Valley and
into the city of Oak Ridge (Fig. 1.8). The watershed and floodplain of EFPC have been
contaminated with approximately 1,000 tons of elemental mercury (Malek-Mohammadi
et al., 2012). Under normal groundwater and surface water conditions with adequate
dissolved oxygen and pH 6.0 to 9.0, elemental mercury is oxidized and becomes soluble
and mobile in water (Malek-Mohammadi et al., 2012). Once mobile, mercury species
can be transported by two mechanisms: colloidal transport and diffusive transport (Fig.
1.9). Colloidal transport moves particulate mercury which is bound to suspended
particles like chlorides, humic acids, and colloids (Malek-Mohammadi et al., 2012).
While diffusive transport involves mercury species diffusing from porewaters to flowing
waters (Fig. 1.9). When considering both transport mechanisms, sedimentation factors
are very important to mercury transport or immobilization.
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Figure 1.8

Map of Tennessee including Oak Ridge and East Fork Poplar Creek
(Campbell et al., 2005).

Figure 1.9

Mercury species and transport mechanisms through water systems (MalekMohammadi et al., 2012).

Pseudomonas species
Pseudomonas species are robust gram negative bacteria which can withstand high
heavy metal and organic solvent contamination and are known for bioremediation
capabilities and industrial usefulness (Valls et al., 2000; Mejáre & Bülow, 2001;
15

Sardessai & Bhosle, 2002). In marine environments and shorelines contaminated by oil
spills, oil-degrading microbial populations including Pseudomonas fluorescens,and
Pseudomonas putida have been stimulated by nutrient amendment (Head &
Swannell,1999; Raghavan & Vivekanandan, 1999). Bioremediators, Pseudomonas
aeruginosa and Pseudomonas. sp. H1-G1 isolated from Pakistani wastewater, clearly
demonstrated the high capacity for mercury ion uptake when the bacteria were shown to
reduce 90% of the mercury in the culture media in only 40 hours of incubation (Rehman
et al., 2008). Mercury reductase enzymes have been found in Pseudomonas which have
demonstrated the intracellular reduction of Hg(II) species to Hg(0), which with proper
Hg(0) capture methods can be used to detoxify wastewater (Wagner-Dobler, 2003).
Biogenic Mn oxides produced by Pseudomonas putida have accomplished difficult water
treatment feats such as oxidative and reductive removal of dangerous pharmaceuticals
and biocides (Forrez et al., 2011). In a study comparing microbes, the highest rate of
manganese oxide formation was exhibited by Pseudomonas sp. MK-1 (Greene &
Madgwick, 1991). As for industrial usefulness, Pseudomonas putida has produced
polyhdyroxyalkanotes which can be used for bioplastics and biofuels (Gao et al., 2011).
Research Objectives
Six Pseudomonas sp. isolated from an Oak Ridge, TN mercury contamination site
were tested for manganese oxide production and bioremediation abilities. First, the
Pseudomonas isolates were grown in mercury contaminated slurry, and changes in
mercury, sulfate, sulfide, iron, and manganese were measured over a 10 day period.
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Study 1 Research Questions:
1) Can Pseudomonas isolated from Oak Ridge, TN produce Mn oxides in slurry
microenvironments?
2) Can the biogenic Mn oxides remediate mercury?
Hypothesis: Soluble mercury concentrations will decrease if the Pseudomonas sp.
are bioremediating bacteria, and manganese oxide concentration will increase if the
isolates are Mn-oxidizing bacteria. Mercury bound to easily reducible oxides (i.e. Mn
oxides) will also increase, if mercury sequestration occurs.
Study 2 Research Question:
1) Which individual Pseudomonas isolates produce Mn oxides precipitates?
Hypothesis: If Mn-oxidation is taking place, the concentration of Mn in solution
will decrease, and a Mn oxide precipitate will accumulate.
Table 1.1

Experimental designs for Study 1 and Study 2.
Study 2: Pseudomonas and biogenic
manganese oxides

Study 1: Oak Ridge Slurry and
Bioremediation

Research Questions:
Research Question:
1) Can Pseudomonas isolated from Oak Which Pseudomonas isolates produce Mn
Ridge, TN produce Mn oxides
oxides precipitates?
within slurry microenvironments?
2) Can the biogenic Mn oxides be used
to remediate Hg?
17

CHAPTER II
METHODS

Study 1: Oak Ridge Slurry and Bioremediation
Pseudomonas sp. was isolated from previously mercury-contaminated Oak Ridge,
TN soil and grown on Pseudomonas Isolation Agar using the methods described by
Janssen et al. (2002). Six Pseudomonas isolates were separately grown in nutrient broth
for 24 hours at 30°C. Afterwards, 50 µl of each of the inoculated broths was pipetted into
12 Erlenmeyer flasks of 150 mL of autoclaved slurry and 12 Erlenmeyer flasks of normal
slurry (Figure 2.1). Slurry was autoclaved in order to inhibit microbial growth.
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AUTOCLAVED SLURRY

NORMAL SLURRY

Figure 2.1

Chart of Erlenmeyer flasks replicates with slurry combinations.

For the autoclaved condition, the Oak Ridge soil was autoclaved at 121°C for 1 hr
at 1 bar pressure. Both slurry types consisted of 15 g of soil per 150 mL nutrient broth
volume. After inoculation of the slurry, Pseudomonas was allowed to grow in the
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incubator for 24 hr at 30°C. The slurry was then amended with 200 ppm HgS. The
experiment ran for 10 days and 10 mL of slurry was collected every two days and tested
for total mercury and manganese oxides and plated on Pseudomonas Isolation Agar for
colony counts. To compare the mercury content and manganese oxide production, twoway ANOVA tests were run.
Slurry Analysis
Slurry samples of 10 mL were centrifuged at 8000 rpm for five minutes. The
supernatant was collected, and mercury, sulfide, sulfate, iron, and manganese
concentrations were measured using inductively coupled plasma-atomic emission
spectrometry (ICP-AES) (Perkin Elmer Instruments, Optima 4300DV). The
approximately 1.0 g soil pellet underwent three different extractions for metals in soil
(Han et al., 2004). The three extractions yielded an exchangeable fraction, easily
reducible oxide-bound fraction, and an organically bound fraction. The extracted
solutions were filtered and then underwent the same chemical analyses using ICP-AES.
Mercury was measured using cold vapor atomic absorption spectrometry (CVAAS)
(FIMS 100 CVAAS, Perkin Elmer Instruments).
Soluble and exchangeable mercury
To extract soluble plus exchangeable mercury (EXC), twenty-five milliliters of
1 M ammonium acetate solution (pH adjusted to 7.0 with NH4OH) was added to 1.1 g of
air-dried soil (equivalent to 1 g of oven-dried soil) in a 50-mL Teflon centrifuge tube.
The mixture was shaken for 30 min at 25 °C, and then centrifuged. The supernatant
portion was decanted and filtered through a 0.45-μm filter. The soil residue was kept for
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the next analysis/dissolution step. The same centrifugation–decantation steps were used
after each of the following extractions.
Mercury bound to easily reducible oxides
To extract mercury bound to easily reducible oxides such as Mn oxides (ERO)
twenty-five milliliters of a 0.1 M NH2OH·HCl + 0.01 M HCl solution (pH 2) was added
to the soil residue and shaken for 30 min (Shuman, 1982).
Mercury bound to organic matter
To extract mercury bound to organic matter (OM) (Tessier et al., 1979; Han et al.,
2003), three milliliters of a 0.01 M HNO3 and 5 mL of 30% H2O2 was added to the soil
residue. The mixture was digested in a water-bath at 80 °C for two hours. An additional
2 mL of H2O2 was added and the mixture was heated for one hour. Fifteen milliliters of a
1 M ammonium acetate solution was then added and the sample shaken for 10 min.
Study 2: Pseudomonas and biogenic manganese oxides
Pseudomonas isolates 1 and 4 (P1 and P4) were the only isolates which
demonstrated growth in the sterile MnSO4 growth medium used in Greene & Madgwick
(1991). Therefore, 45 conical tubes (50 mL) were filled with 9.5 mL of MnSO4 media
and inoculated with either 500 µl of P1, P4, or control broth. Each condition was
analyzed in triplicate every five days over a 25 day period (N=45). The analyses
consisted of measuring average soluble Mn2+ concentration over time using a ICP-AES.
Analysis of manganese oxides
Precipitated Mn oxides were characterized using XRD. The samples’ precipitates
were washed once with deionized water then twice with 0.03 M H2SO4 (pH 1.5) to
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remove contaminants (Greene & Madgwick 1991). The final rinsing was done with
deionized water until the filtrate was acid free.
Pseudomonas cultures in MnSO4 growth media were also examined under
transmission electron microscopy (TEM) for Mn oxide formation using similar methods
to Miyata et al. (2007).
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CHAPTER III
RESULTS

Study 1: Oak Ridge Slurry and Bioremediation
Supernatant concentrations of SO4, S, Fe, Mn, and Hg
Sulfate and Sulfide
Dissolved sulfate and sulfide concentrations can be affected by the oxidation of
sulfide or presence of sulfate reducing bacteria. Within the six slurry treatments, four
slurry treatments have increased HgS concentrations. The transformations of HgS and
other sulfur compounds is important to the understanding of the mercury cycle; therefore,
the sulfate and sulfide concentrations within the supernatant were measured every two
days for a ten day period. A two-way analysis of variance (ANOVA) comparing the soil
treatment means throughout the ten day incubation found a significant difference in
sulfate concentration among the six slurry treatments (F (5, 9) = 3.47, p = 0.02) (Fig.
3.1). The Fisher Least Significant Difference (LSD) post hoc test found the autoclaved
slurry supernatant to have a significantly higher mean concentration of sulfate (M =
18.96) than the autoclaved slurry amended with HgS (M = 9.03), the autoclaved slurry
amended with HgS and Pseudomonas (M = 11.84), and the normal soil amended with
HgS (M = 9.81) (Fig. 3.1).
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Figure 3.1

Average sulfate concentrations in the supernatant of the six different
slurries measured over ten days.

Error bars display standard deviations.
Another two-way ANOVA comparing dissolved sulfide concentrations over the
same ten day time period found that dissolved sulfide concentrations were significantly
different among the six slurry treatments (F (5, 9) = 15.38, p < 0.0001) and that the
means separated into two different groups (Fig. 3.2). According to the Fisher LSD post
hoc test, the three autoclaved treatments’ supernatants had significantly higher mean
dissolved sulfide (M = 26.76, 25.56, 24.61) than the three normal soil treatments’
supernatants (M = 19.43, 17.63, 17.60) (Fig. 3.2).
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Figure 3.2

Average sulfide concentrations in the supernatant of the six different
slurries measured over ten days.

Error bars display standard deviations.
Iron
The most common forms of iron are Fe (II) and Fe (III). The oxidation state
makes an important difference in the solubility of iron. While Fe (II) is soluble in water,
Fe (III) forms are not. Therefore, the reduction of iron by certain bacteria would increase
the dissolved Fe concentrations in the supernatants of the slurries. A two-way ANOVA
comparing the six slurries treatments over the ten day period found that slurry treatment
did not have a significant effect on the dissolved Fe concentrations (F (5, 9) = 1.57, p =
0.21); however, the day the sample was collected had a significant effect on the dissolved
iron concentrations (F (4, 9) = 12.10, p < 0.0001) (Fig. 3.3). The Fisher LSD post hoc
test found that the autoclaved slurry supernatant had a significantly higher mean
dissolved iron concentration (M = 0.65) than the regular soil amended with HgS (M =
0.28) and the autoclaved slurry amended with HgS and Pseudomonas (M = 0.24) (Fig.
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3.3). The mean dissolved iron concentration was significantly higher on day 10 (M =
1.14) than on all other days (Fig. 3.3).

Figure 3.3

Average iron concentrations in the supernatant of the six different slurries
measured over ten days.

Error bars display standard deviations.
Manganese
When manganese is oxidized, manganese oxides precipitate out of solution. In
the presence of Mn-oxidizing bacteria, dissolved Mn concentrations should decrease. A
two-way ANOVA comparing the six slurry treatments over the ten day period yielded a
significant difference in mean dissolved Mn (F (9, 29) = 3.95, p = 0.005) (Fig. 3.4). The
slurry treatments had a significant effect on the dissolved Mn concentrations (F (5, 9) =
5.11, p = 0.0035), but the day the sample was collected did not have a significant effect
on the dissolved Mn concentration (F (4, 9) = 2.51, p = 0.07) (Fig. 3.4). Also, the
26

autoclaved slurry and the autoclaved slurry amended with HgS had significantly higher
mean dissolved Mn concentration (M =2.99, 3.51) than the normal soil slurry, the normal
soil slurry amended with HgS, and the normal soil slurry amended with HgS and
Pseudomonas (M = 0.84, 0.91, 1.27) (Fig. 3.4).

Figure 3.4

Average manganese concentrations in the supernatant of the six different
slurries measured over ten days.

Error bars display standard deviations.
Mercury
If the Mn oxides are sequestering Hg, a decrease of Hg in the supernatant would
occur. A two-way ANOVA comparing the six slurry treatments over the ten days found
the mean dissolved Hg concentrations to be significantly different (F (9, 29) = 8.36, p
<0.0001) (Fig. 3.5). The day the sample was collected had a significant effect on the
mean dissolved Hg (F (4, 9) = 18.36, p <0.0001), while the slurry treatment did not have
a significant effect on the mean dissolved Hg (F (5, 9) = 0.35, p = 0.88) (Fig. 3.5). The
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mean Hg concentrations on day 2 (M = 0.06) and day 10 (M = 0.06) were significantly
higher than the mean Hg concentrations for day 4 (M = 0.01), day 6 (M = 0.01), and day
8 (M = 0.01) (Fig. 3.5).

Figure 3.5

Average mercury concentrations in the supernatant of the six different
slurries measured over ten days.

Error bars display standard deviations.
Soil Extractions and Precipitate concentrations of Fe, Mn, Hg, and S
Iron
According to a two-way ANOVA comparing the six slurry treatments over the ten
day period, mean exchangeable iron concentrations in the precipitate were not
significantly different (F (9, 29) = 1.31, p = 0.29) (Fig. 3.6). However, mean easily
reducible iron oxide concentrations in the precipitate were significantly different (F (9,
29) = 2.81, p = 0.03) (Fig. 3.7). The day the sample was collected had a significant effect
on the mean easily reducible iron oxide concentrations (F (4, 9) = 4.43, p = 0.01), but the
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slurry treatment did not have a significant effect on the mean easily reducible iron
concentrations (F (5, 9) = 1.51, p = 0.23) (Fig. 3.7). The Fisher’s LSD post hoc test
found that the normal soil amended with HgS and Pseudomonas had a significantly
higher mean easily reducible iron oxide concentrations (M = 0.88) than the autoclaved
slurry (M = 0.16) and the autoclaved slurry amended with HgS (M = 0.11) (Fig. 3.7).
Day 4 had the highest mean easily reducible iron oxide concentration (M = 1.22) of all
the other days (Fig. 3.7).

Figure 3.6

Average exchangeable iron concentrations in the precipitate measured over
ten days for the six different slurries.

Error bars display standard deviations.
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Figure 3.7

Average easily reducible iron oxides in the precipitate measured over ten
days for the six different slurries.

Error bars display standard deviations.
Using a two-way ANOVA, iron bound to organic matter was also significantly
different among the six slurry treatments according to the day the sample was collected
(F (9, 29) = 4.11, p = 0.004) (Fig. 3.8). The slurry treatment did not have a significant
effect on the mean iron concentration bound to organic matter (F (5, 9) = 1.02, p = 0.43),
but the day the sample was collected did have a significant effect on the mean iron
concentrations bound to organic matter (F (4, 9) = 7.98, p = 0.0005) (Fig. 14). Day 2 had
a significantly higher mean organically bound iron concentration (M = 0.94) than all the
other days (Fig. 3.8).

30

Figure 3.8

Average iron bound to organic matter in the precipitate measured over ten
days for the six different slurries.

Error bars display standard deviations.
Manganese
Exchangeable and soluble Mn among the six slurry treatments was compared over
ten days using a two-way ANOVA. The results yielded a significant different in
exchangeable Mn (F (9, 29) = 8.53, p < 0.0001) (Fig. 3.9). The slurry treatment did not
have a significant effect on the mean exchangeable Mn (F (5, 9) = 1.62, p = 0.20),
however the day the sample was collected did have a significant effect on the mean
exchangeable Mn (F (4, 9) = 17.16, p < 0.0001) (Fig. 3.9). Normal soil amended with
HgS and Pseudomonas had a significant higher mean exchangeable Mn concentration (M
=12.22) than normal soil amended with HgS (M = 8.389) (Fig. 3.9).
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Figure 3.9

Average exchangeable manganese concentrations in the precipitate
measured over ten days in the six different slurries.

Error bars display standard deviations.
As for easily reducible Mn oxides, a two-way ANOVA was used to compare
mean Mn oxide concentrations among the six slurry treatments over ten days. Mean Mn
oxide concentration were significantly different among the six slurry treatments (F (9,
29) = 19.20, p < 0.0001) (Fig. 3.10). Slurry treatment did not have a significant effect on
the mean Mn oxide concentrations (F (5, 9) = 1.53), p = 0.23), while the day the sample
was collected did have a significant effect on the mean Mn oxide concentration (F (4, 9)
= 41.28, p < 0.001) (Fig. 3.10). Normal soil amended with HgS and Pseudomonas and
autoclaved slurry amended with HgS have significantly higher mean Mn oxide
concentrations (M = 9.75, 9.90) than normal soil (M = 7.77) (Fig. 3.10). Days 2 and 4
are grouped together with the lowest mean Mn oxide concentrations (M = 5.10, 6.44)
(Fig. 3.10). Days 6 and 8 are grouped together with mean Mn oxide concentrations of

32

9.51 mg/L and 9.37 mg/L (Fig. 3.10). Lastly, Day 10 has the highest mean Mn oxide
concentration (M = 15.03) (Fig. 3.10).

Figure 3.10

Average easily reducible manganese oxides in the precipitate measured
over ten days for the six different slurries.

Error bars display standard deviations.
Organically bound manganese was also found to be significantly different among
the six slurry treatments over the ten days when a two-way ANOVA was run (F (9, 29) =
7.56, p < 0.0001) (Fig. 3.11). The slurry treatment and the day the sample was collected
both had a significant effect on the mean organically bound Mn concentrations (F (5, 9) =
7.83, p = 0.003) and (F (4, 9) = 7.23, p = 0.0009) (Fig. 3.11). The autoclaved slurry
amended with HgS and Pseudomonas had a significantly higher mean organically bound
Mn concentration (M = 7.97) than the autoclaved slurry (M = 6.34), normal soil (M =
4.69), normal soil amended with HgS (M = 5.17), and normal soil amended with HgS and
Pseudomonas (M = 5.40) (Fig. 3.11). Day 6 has a significantly higher mean organically
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bound Mn concentration (M = 7.43) than Days 2, 4, NS 8 (M = 5.23, 4.88, 6.06) (Fig.
3.11). Also, Day 10 has a significantly higher mean concentration of organically bound
Mn (M = 7.34) than Days 2 and 4 (Fig. 3.11).

Figure 3.11

Average manganese bound to organic matter in the precipitate measured
over ten days for the six different slurries.

Error bars display standard deviations.
Mercury
Mercury concentration in the precipitate measured with the ICP-AES had no
detectable change in the exchangeable and the easily reducible oxide fractions for any of
the six slurry treatments over the ten days (Table 3.1 and Table 3.2). Using a two-way
ANOVA on the ICP-AES measurements, mean mercury concentrations bound to organic
matter did not significantly change for the normal slurry, the normal slurry amended with
HgS, and the normal slurry amended with Hg and Pseudomonas when comparing day 2
and day 10 (F (3, 5) = 0.7, p = 0.63) (Table 3.3). However, mean organically bound
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mercury concentrations for autoclaved slurry, autoclaved amended with HgS, and
autoclaved slurry amended with HgS and Pseudomonas were found to significantly
decrease when comparing day 2 and day 10 using a two-way ANOVA (F (3, 5) = 31.92,
p = 0.03) (Table 3.3).
Table 3.1

Sample ID

The ICP-AES measurements for mercury in the exchangeable fraction over
10 days.
Concentration of Mercury (mg/L)

EXC Day 2 EXC Day 4 EXC Day 6 EXC Day 8 EXC Day 10
HA 1
<0.05
<0.05
<0.05
<0.05
<0.05
HA 2
<0.05
<0.05
<0.05
<0.05
<0.05
HA 3
<0.05
<0.05
<0.05
<0.05
<0.05
PS 1
<0.05
<0.05
<0.05
<0.05
<0.05
PS 2
<0.05
<0.05
<0.05
<0.05
<0.05
PS 3
<0.05
<0.05
<0.05
<0.05
<0.05
S1
<0.05
<0.05
<0.05
<0.05
<0.05
S2
<0.05
<0.05
<0.05
<0.05
<0.05
S3
<0.05
<0.05
<0.05
<0.05
<0.05
A1
<0.05
<0.05
<0.05
<0.05
<0.05
A2
<0.05
<0.05
<0.05
<0.05
<0.05
A3
<0.05
<0.05
<0.05
<0.05
<0.05
HS 1
<0.05
<0.05
<0.05
<0.05
<0.05
HS 2
<0.05
<0.05
<0.05
<0.05
<0.05
HS 3
<0.05
<0.05
<0.05
<0.05
<0.05
PA 1
<0.05
<0.05
<0.05
<0.05
<0.05
PA 2
<0.05
<0.05
<0.05
<0.05
<0.05
PA 3
<0.05
<0.05
<0.05
<0.05
<0.05
All samples were taken in triplicate. The sample IDs stand for the following: HA =
autoclaved slurry amended with HgS, PS = normal slurry amended with HgS and
Pseudomonas, S = untreated slurry, A = autoclaved slurry, HS = normal slurry amended
with HgS, PA = autoclaved slurry amended with HgS and Pseudomonas. The sample
boxes with “nd” had no data because the mercury concentration was not detectable.
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Table 3.2

Sample ID

The ICP-AES measurements for mercury concentration in the easily
reducible oxide fraction over 10 days.
Concentration of Mercury (mg/L)
ERO Day 2 ERO Day 4 ERO Day 6 ERO Day 8 ERO Day 10

HA 1
0.030
<0.021
<0.021
nd
nd
HA 2
<0.021
<0.021
<0.021
nd
nd
HA 3
0.020
<0.021
<0.021
nd
nd
PS 1
<0.021
<0.021
<0.021
nd
nd
PS 2
<0.021
<0.021
<0.021
nd
nd
PS 3
<0.021
<0.021
<0.021
nd
nd
S1
<0.021
<0.021
<0.021
nd
nd
S2
<0.021
<0.021
<0.021
nd
nd
S3
<0.021
<0.021
<0.021
nd
nd
A1
<0.021
<0.021
0.020
nd
nd
A2
<0.021
<0.021
<0.021
nd
nd
A3
<0.021
<0.021
<0.021
nd
nd
HS 1
<0.021
<0.021
<0.021
nd
nd
HS 2
<0.021
<0.021
<0.021
nd
nd
HS 3
<0.021
<0.021
<0.021
nd
nd
PA 1
<0.021
<0.021
<0.021
nd
nd
PA 2
<0.021
<0.021
<0.021
nd
nd
PA 3
<0.021
<0.021
<0.021
nd
nd
All samples were taken in triplicate. The sample IDs stand for the following: HA =
autoclaved slurry amended with HgS, PS = normal slurry amended with HgS and
Pseudomonas, S = untreated slurry, A = autoclaved slurry, HS = normal slurry amended
with HgS, PA = autoclaved slurry amended with HgS and Pseudomonas. The sample
boxes with “nd” had no data because the mercury concentration was not detectable.
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Table 3.3

Sample ID

The ICP-AES measurements for mercury in the organically bound fraction
over 10 days.
Concentration of Mercury (mg/L)

OM Day 2 OM Day 4 OM Day 6 OM Day 8 OM Day 10
HA 1
<0.032
<0.032
<0.032
nd
< 0.100
HA 2
1.390
0.180
<0.032
nd
< 0.100
HA 3
0.400
<0.032
<0.032
nd
< 0.100
PS 1
0.060
<0.032
<0.032
< 0.100
< 0.100
PS 2
<0.032
0.030
<0.032
nd
< 0.100
PS 3
0.060
<0.032
<0.032
< 0.100
< 0.100
S1
0.450
<0.032
<0.032
< 0.100
< 0.100
S2
<0.032
0.030
<0.032
nd
< 0.100
S3
<0.032
<0.032
<0.032
nd
< 0.100
A1
0.530
0.030
<0.032
< 0.100
< 0.100
A2
0.540
0.050
<0.032
nd
< 0.100
A3
0.390
0.040
<0.032
nd
< 0.100
HS 1
<0.032
<0.032
<0.032
< 0.100
< 0.100
HS 2
<0.032
0.040
<0.032
< 0.100
< 0.100
HS 3
0.060
0.050
<0.032
nd
< 0.100
PA 1
0.430
<0.032
<0.032
< 0.100
< 0.100
PA 2
0.590
<0.032
0.060
nd
< 0.100
PA 3
0.380
<0.032
<0.032
< 0.100
< 0.100
All samples were taken in triplicate. The sample IDs stand for the following: HA =
autoclaved slurry amended with HgS, PS = normal slurry amended with HgS and
Pseudomonas, S = untreated slurry, A = autoclaved slurry, HS = normal slurry amended
with HgS, PA = autoclaved slurry amended with HgS and Pseudomonas. The sample
boxes with “nd” had no data because the mercury concentration was not detectable.
As for mercury concentrations measured with the CVAA, soluble and
exchangeable mercury concentrations seemed to increase over the ten days (Table 3.4).
Mean mercury concentrations bound to easily reducible oxides also increased from day 2
to day 10 when compared using a two-way ANOVA (F (6, 26) = 3.63, p = 0.01) (Table
3.5). However, mean organically bound mercury concentrations significantly decreased
over the ten days (F (9, 89) = 9.38, p < 0.0001) (Table 3.6). The autoclaved slurry
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amended with HgS had a significantly higher mean concentration of organically bound
mercury (M = 164.53) than all the other slurry treatments (Table 3.6).
Table 3.4

Sample ID

The CVAA measurements for mercury concentration in the exchangeable
fraction over 10 days.
Concentration of Mercury (mg/L)

EXC Day 2 EXC Day 4 EXC Day 6 EXC Day 8 EXC Day 10
HA 1
nd
< 1.00
nd
< 1.00
1.09
HA 2
nd
< 1.00
nd
< 1.00
2.67
HA 3
nd
nd
nd
< 1.00
2.81
PS 1
nd
< 2.00
< 1.00
< 1.00
< 1.00
PS 2
nd
< 1.00
< 1.00
1.63
2.42
PS 3
nd
< 2.00
nd
1.00
1.51
S1
nd
nd
nd
< 1.00
< 1.00
S2
nd
nd
nd
< 1.00
< 1.00
S3
nd
nd
nd
< 1.00
< 1.00
A1
nd
nd
nd
< 1.00
< 1.00
A2
nd
nd
nd
< 1.00
2.02
A3
nd
nd
nd
< 1.00
1.09
HS 1
nd
nd
nd
< 1.00
< 1.00
HS 2
nd
nd
nd
1.23
2.00
HS 3
nd
nd
nd
< 1.00
< 1.00
PA 1
nd
nd
nd
< 1.00
< 1.00
PA 2
nd
nd
nd
nd
3.27
PA 3
nd
nd
nd
nd
1.64
All samples were taken in triplicate. The sample IDs stand for the following: HA =
autoclaved slurry amended with HgS, PS = normal slurry amended with HgS and
Pseudomonas, S = untreated slurry, A = autoclaved slurry, HS = normal slurry amended
with HgS, PA = autoclaved slurry amended with HgS and Pseudomonas. The sample
boxes with “nd” had no data because the mercury concentration was not detectable.
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Table 3.5

Sample ID

The CVAA measurements for mercury concentration in the easily reducible
oxide fraction over 10 days.
Concentration of Mercury (mg/L)
ERO Day 2 ERO Day 4 ERO Day 6 ERO Day 8 ERO Day 10

HA 1
3.64
nd
< 1.00
4.93
nd
HA 2
nd
< 1.00
< 1.00
< 1.01
10.4
HA 3
< 1.00
< 1.00
nd
nd
6.10
PS 1
2.74
nd
< 1.00
< 1.03
3.71
PS 2
1.76
< 1.00
< 1.00
3.15
4.56
PS 3
3.76
< 1.00
< 1.00
< 1.06
3.86
S1
3.85
< 1.00
< 1.00
1.53
3.21
S2
1.53
nd
nd
nd
nd
S3
< 1.00
nd
nd
nd
1.03
A1
nd
nd
nd
4.15
2.69
A2
< 1.00
nd
< 1.00
< 1.04
4.70
A3
nd
nd
< 1.00
nd
5.21
HS 1
< 1.00
nd
< 1.00
< 1.02
< 1.00
HS 2
nd
nd
nd
1.28
3.12
HS 3
< 1.00
< 1.00
nd
nd
< 1.00
PA 1
nd
nd
nd
nd
nd
PA 2
nd
nd
nd
nd
2.58
PA 3
< 1.00
nd
< 1.00
nd
5.60
All samples were taken in triplicate. The sample IDs stand for the following: HA =
autoclaved slurry amended with HgS, PS = normal slurry amended with HgS and
Pseudomonas, S = untreated slurry, A = autoclaved slurry, HS = normal slurry amended
with HgS, PA = autoclaved slurry amended with HgS and Pseudomonas. The sample
boxes with “nd” had no data because the mercury concentration was not detectable.
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Table 3.6

Sample ID

The CVAA measurements for mercury concentration in the organically
bound fraction over 10 days.
Concentration of Mercury (mg/L)

OM Day 2 OM Day 4 OM Day 6 OM Day 8 OM Day 10
HA 1
21.70
12.30
11.70
6.10
7.95
HA 2
1392.00*
117.00
8.37
24.0
31.00
HA 3
788.00
5.48
25.70
8.88
8.45
PS 1
128.00
4.66
6.27
9.69
8.34
PS 2
34.20
6.52
12.00
7.77
7.62
PS 3
115.00
6.10
16.80
13.8
13.50
S1
429.00
5.49
5.30
4.30
7.73
S2
12.10
2.08
3.15
4.23
7.66
S3
53.20
1.83
7.99
6.17
8.59
A1
594.00
13.20
6.24
4.54
8.28
A2
642.00
14.30
9.22
6.48
7.48
A3
614.00
15.80
14.60
5.73
7.60
HS 1
38.70
2.54
8.60
5.87
7.92
HS 2
46.30
5.29
11.20
4.21
7.94
HS 3
99.50
6.38
10.60
3.58
6.57
PA 1
635.00
7.40
9.55
10.10
6.38
PA 2
600.00
7.76
38.80
9.80
13.80
PA 3
592.00
4.84
17.90
10.70
1.61
All samples were taken in triplicate. The sample IDs stand for the following: HA =
autoclaved slurry amended with HgS, PS = normal slurry amended with HgS and
Pseudomonas, S = untreated slurry, A = autoclaved slurry, HS = normal slurry amended
with HgS, PA = autoclaved slurry amended with HgS and Pseudomonas. The sample
boxes with “nd” had no data because the mercury concentration was not detectable. *ICP
result
Sulfur
Mean soluble and exchangeable sulfur concentrations were significantly different
for the six slurry treatments over ten days (F (9, 29) = 8.95, p < 0.0001) (Fig. 9). Mean
exchangeable sulfur concentration was significantly higher for the autoclaved slurry
amended with HgS (M = 2.13) than all the other slurry treatments (Fig. 3.12). Day 10 (M
= 2.55) yielded the highest exchangeable sulfur concentrations (Fig. 3.12).
40

Figure 3.12

Average exchangeable sulfide concentrations in the precipitate measured
over ten days for the six different slurries.

Error bars display standard deviations.
Mean sulfur concentrations bound to easily reducible oxides were significantly
different among the six slurry treatments over ten days (F (9, 29) = 6.52, p = 0.0002)
(Fig. 3.13). Day 10 had a significantly higher mean sulfur concentration (M = 1.07)
bound to easily reducible oxides than days 2, 4, and 8 (M = 0.57, 0.84, 0.57) (Fig. 3.13).
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Figure 3.13

Average easily reducible sulfides in the precipitate measured over ten days
for the six different slurries.

Error bars display standard deviations.
Organically bound sulfur concentrations were not significantly different among
the six slurry groups over ten days (F (9, 29) =2.29, p = 0.06) (Fig. 3.14).
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Figure 3.14

Average sulfide bound to organic matter in the precipitate measured over
ten days for the six different slurries.

Error bars display standard deviations.
Study 2: Pseudomonas and Biogenic Manganese
Pseudomonas isolates in MnSo4 growth media
Pseudomonas isolates P1 and P4 were grown in MnSO4 growth media in order to
measure and later microscopically view the Mn-oxidizing abilities of the isolates. Over
25 days of growth, P1, P4, and the control had significantly different mean MnSO4
concentrations (F (6, 44) = 13.14, p < 0.0001) (Fig. 3.15). P1 (M = 262.07) had a
significantly lower mean MnSO4 concentration than P4 (M = 281.4) and the control (M =
285.07) (Fig. 3.15). Days 10 and 15 (M = 266.78, 267.89) had significantly lower mean
MnSO4 concentrations than days 5, 20, and 25 (M = 285.78, 278.44, 282.00) (Fig. 3.15).
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Figure 3.15

Average concentration of Mn2+ for control MnSO4 media (Cavg), the P1
Pseudomonas isolate (P1avg), and the P4 Pseudomonas isolate (P4avg)
measured over 25 days.

Error bars display standard deviations.
Transmission electron microscopy discovered cellular formation of Mn oxides
and biogenic Mn oxide precipitate (Fig. 3.16 and 3.17). XRD was inconclusive only
displaying an amorphous hump (Fig. 3.18 and 3.19).
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Figure 3.16

Transmission electron micrographs for the P1 Pseudomonas isolate
showing dark cellular formations of Mn oxides.
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Figure 3.17

Transmission electron micrographs for the P4 Pseudomonas isolate
showing dark cellular formations of Mn oxides and biogenic Mn oxide
precipitates.
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Figure 3.18

XRD results for Pseudomonas isolate P1.

XRD is inclusive no detectable peaks, only a visible amorphous hump.
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Figure 3.19

XRD results for Pseudomonas isolate P4.

XRD is inclusive no detectable peaks, only a visible amorphous hump.
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CHAPTER IV
DISCUSSION

Study 1: Oak Ridge Slurry and Bioremediation
Redox environment and the potential impact on mercury
Sulfate and Sulfide
Given that HgS takes part in the cycling of mercury and that sulfate-reducing
bacteria are contributors to mercury methylation, sulfate and sulfide concentrations in the
slurries were used to analyze microbial community and redox conditions. The
concentration of sulfate was higher in the autoclaved slurry than in the normal slurry and
the autoclaved slurry amended with HgS and Pseudomonas (Fig. 3.1). The lower
concentrations of sulfate in the normal slurry and the autoclaved slurry amended with
HgS and Pseudomonas suggested a greater impact by of sulfate-reducing bacteria (Fig.
3.1) (Muyzer & Stams, 2008). Also, given that sulfate is soluble in water, higher
dissolvable sulfur concentration in autoclaved slurries than in normal slurries was
indicative of sulfate-reducing bacteria having a greater impact on normal slurries (Fig.
3.2) (Muyzer & Stams, 2008; Selvara & Sublette, 1995).
The concentration of soluble and exchangeable sulfur extracted from the slurries
was the highest in the autoclaved slurry amended with HgS (Fig. 3.12). The addition of
HgS to slurries with inhibited microbial growth could account for the higher level of
soluble and exchangeable sulfur (Muyzer & Stams, 2008).
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Sulfur bound to easily reducible oxides went through a fluctuation pattern
indicated by the rise in sulfur bound to easily reducible oxides around days 4 and 6 and
the dip on day 8 only to drastically rise again on day 10 (Fig. 3.13). A cycle of sulfate
reduction and sulfur oxidation seemed to be taking place (Rao et al., 2007; Muyzer &
Stams, 2008). However, in contrast to expected increased organically bound sulfur
during interactions with sulfate-reducing bacteria, organically bound sulfur did not
significantly differ among the treatments or change over time (Fig. 3.14).
Overall, there was evidence for the presence of sulfate-reducing bacteria
especially in normal slurries (Fig. 3.1) (Fig. 3.2) (Fig. 3.13). The autoclaved slurries
have inhibited microbial growth, and potentially, sulfate reducing bacteria were reduced
in the microbial communities. As noted before, the presence of sulfate-reducing bacteria
can have a great effect on mercury methylation (Compeau & Bartha, 1985).
Iron
Redox conditions greatly effect mercury interactions, thus analyzing iron is
crucial in understanding the slurries redox environment. Dissolved iron concentrations
within the slurries increased overtime (Fig. 3.3). Previously mentioned lower levels of
dissolved sulfur in normal slurries suggested the presence of sulfate-reducing bacteria,
which would transform soluble iron sulfate to insoluble iron sulfide (Muyzer & Stams,
2008). However, the increase of dissolved iron was contrary to slurries dominated by
sulfate-reducing bacteria and in fact, suggests the presence of iron-reducing bacteria
(Caccavo, Jr. et al., 1992; Cummings et al., 2000). Iron (III) reducers can easily
outcompete sulfate reducers for electron donors and account for the increase in dissolved
iron (Caccavo, Jr. et al., 1992; Cummings et al., 2000). Given that the autoclaved slurry
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had a higher concentration of dissolved iron than the normal slurry amended with HgS
and the autoclaved slurry amended with HgS and Pseudomonas, the autoclaved slurry
could have a less competitive iron reducing environment.
Mean easily reducible iron oxides spiked on day 4 for all the normal slurry
treatments only to be quickly reduced (Fig. 3.7). Normal slurry amended with HgS and
Pseudomonas had significantly higher mean concentration of easily reducible iron oxides
than the autoclaved slurry and the autoclaved slurry amended with HgS, which meant that
the normal slurry conditions were comparable to the autoclaved slurry amended with HgS
and Pseudomonas (Fig. 3.7). Higher microbial activity and especially the activity of
Pseudomonas seemed to be necessary for higher easily reducible iron oxide production.
Iron bound to organic matter decreased quickly after day 2 (Fig. 3.8). For iron
reducing bacteria, an enzymatic reaction uses Fe(III) as an electron acceptor and oxidizes
organic matter (Tugel et al., 1986; Lovely, 1991):
C6H1206 + 24Fe(III) + 12H20  6HC03- + 24Fe(II) + 30H+ (Lovely, 1991) (4.1)
Iron bound to oxidizing enzymes underwent quick transformation as
demonstrated by the easily reducible iron oxide production on day 4 (Fig. 3.7). However,
iron was not reduced and cycled back to oxidizing enzymes very quickly (Fig. 3.8).
In general, iron concentrations indicate a reducing environment. In past studies
on the effect of redox environments on mercury, demethylation of CH3HgCl was favored
at high redox potential (Eh = +110 mV), while mercury methylation was favored in low
redox potentials (Eh = -220 mV) (Compeau & Bartha, 1984). Also, well oxygenated
Louisiana Lake waters had less mercury methylation than poorly oxygenated waters
(DeLaune et al., 2004). Again, low redox potentials allowed for more mercury
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methylation (DeLaune et al., 2004). Given that the change in iron concentrations
designate a reducing environment within the slurries, mercury would be more likely to
undergo methylation (Compeau & Bartha, 1984; DeLaune et al., 2004).
Manganese
Dissolved Mn was significantly higher for the autoclaved slurry and the
autoclaved slurry amended with HgS than for any of the normal slurry conditions (Fig.
3.4). Dissolved Mn did significantly decrease overtime for the autoclaved slurry
amended with HgS and Pseudomonas and all the normal slurry conditions (Fig. 3.4). The
decrease in dissolved Mn and the increased formation of easily reducible Mn oxides is
correlated overtime (Fig. 3.4) (Fig. 3.10). Given the autoclaved slurries without
Pseudomonas have higher concentrations of dissolved Mn, the autoclaved slurries
without Pseudomonas had less Mn oxide production than the slurries with Pseudomonas.
Also, the normal slurry had less easily reducible Mn oxide production than the normal
slurry amended with Pseudomonas (Fig. 3.10). Normal slurries with complex microbial
communities accomplished Mn oxidation; however, Pseudomonas isolates provide
supplemental Mn oxidation (Fig. 3.10).
Exchangeable Mn fluctuated and peaked on days 4 and 10 (Fig. 3.9). The normal
slurry amended with HgS and Pseudomonas had higher mean exchangeable Mn
concentrations than the normal slurry amended with HgS (Fig. 3.9). Also, the autoclaved
slurry amended with HgS and Pseudomonas had higher mean organically bound Mn than
all normal slurries and the autoclaved slurry (Fig. 3.11). Pseudomonas isolates dominate
in the microbial inhibited autoclaved slurry, and higher organically bound Mn is
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indicative of Pseudomonas increasing extracellular enzymatic binding with Mn (Tebo et
al., 2004).
Mercury
In general, dissolved Hg measured with the ICP-AES significantly decreased on
day 4; however, there is a significant increase of dissolved mercury on day 10 (Fig. 3.5).
Dissolved Hg was cycled within the system, and the decrease in dissolved Hg could have
multiple sources and therefore cannot be linked to Mn oxide sequestration. The
reentrance of dissolved Hg into the supernatant is worrisome. Dissolved Hg can be easily
bioaccumulated (Krabbenhoft & Rickert, 1995).
Exchangeable mercury measured by CVAA increased over 10 days (Table 3.4).
Mercury bound to easily reducible oxides including Mn oxides increased over 10 days
and supports Hg sequestration (Table 3.5). Mercury bound to organic material decreases
over 10 days (Table 3.6). Less organically bound mercury leads to less bioaccumulation
(Krabbenhoft & Rickert, 1995).
Study 2: Pseudomonas and biogenic manganese oxides
MnSO4 media analyzed by ICP-AES
On days 10 and 15, the P1 isolate had a significantly lower mean MnSO4
concentration than the control and the P4 isolate (Fig. 3.16). According to ICP-AES
results, the P1 isolate had significant enough Mn dissolution to be classified as Mn
oxidation on days 10 and 15. However, the MnSO4 concentration increases for days 20
and 25. One possible explanation for this increase that Mn bound to cells is released

53

back into solution after cell death. A number of different metals including K+, Ca2+,
Mg2+ are known to reenter solution after cell death (Suh et al., 1999).
Transmission Electron Microscopy (TEM)
When given more time to grow and oxidize Mn, P1 and P4 were able to generate
visible precipitates after approximately 3 months (Fig. 4.1). The precipitates were
examined with Transmission Electron Microscopy (TEM). The TEM images displayed
Mn oxidation similar to that pictured in Bacillus sp. Strain SG-1 and Pseudomonas putida
strain MnB1 (van Waasbergen et al., 1996; Toner et al., 2002) (Fig. 4.2). The TEM
mages for P1 isolate have numerous bacteria with signs of Mn oxide precipitation and
Mn oxides accumulating on the extracellular organic matrix (Fig. 3.16). An extracellular
Mn oxide ring surrounded the cell in Figure 3.16C and Mn oxides were patched around
the cell in Figure 3.16 B, while Figures 3.16 A, D, E, F have spore formation and Mn
oxidation on the exosporium (van Waasbergen et al., 1996) .
The P4 Pseudomonas isolate had much more Mn precipitate in dark amorphous
sheets (Fig. 3.17 B, D, E, F). Cells in Figure 3.17 A and B also underwent spore
formation and have clear extracellular Mn oxide rings. Two bacteria-shaped cell
remnants have patches of Mn oxide remnants in Figure 3.17 C.
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Figure 4.1

Biogenic manganese oxide precipitation from Study 2.

Left tube contains P1 isolate with brownish precipitate. Center tube contains P4 isolate
with brownish precipitate. Right tube is a control with no precipitate.
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Figure 4.2

Examples of biogenic Mn oxides from other papers.

Left Bacillus sp. Strain SG-1 with exosporium Mn oxidation (van Waasbergen et al.,
1996). Right Pseudomonas putida with extracellular binding and Mn oxidation (Toner et
al., 2002).
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CHAPTER V
CONCLUSIONS

Can Pseudomonas isolated from Oak Ridge, TN produce biogenic Mn oxides?
There is evidence that Pseudomonas produced biogenic Mn oxides. First,
autoclaved slurries without Pseudomonas have higher concentrations of dissolved Mn
than the rest of the slurry conditions. Therefore, slurries with Pseudomonas and normal
biota oxidize more Mn. Secondly, the normal slurry amended with Pseudomonas has
significantly more Mn oxides than the normal slurry. Lastly, TEM images of P1 and P4
confirm Mn oxide production.
Can the biogenic Mn oxides remediate Hg?
There was an increase in Hg bound to easily reducible oxides (i.e. Mn oxides),
and there was a decrease in organically bound Hg. However, Hg was continually cycled.
After a significant decrease in dissolved Hg, there was a spike in Hg on day 10. Biogenic
Mn oxides from the Pseudomonas have the potential for remediation, but the biogenic
Mn oxide remediation abilities are not conclusive. Therefore, further research must be
conducted.
Future Research
The slurry experiment only ran a short course of 10 days. A longer experimental
timeline of at least 30 days would gather more information on changes in Hg cycling.
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The past experiment amended the slurry with less reactive HgS. Amendment with HgCl2
would give a better reading of dissolved Hg changes. Likewise, amending the MnSO4
growth media with HgCl2 would determine if the biogenic Mn oxides can sequester Hg.
Also, P1 and P4 need undergo DNA sequencing and identification. Lastly, the bacterial
growth chambers need to be adjusted for greater volume, continued sterilization, and
oxygenation in order to produce more Mn oxide precipitation and greater chance of
identification.
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